IN A previous communication it was shown, by means of a coincidence counting method and positron emitter, rubidium-84, that by measuring the arterial activity and myocardial uptake of rubidium, the clearance equiv-
alent of rubidium by the heart could be calculated.' This clearance equivalent was found to be proportional to the myocardial flow, but could not be expressed in absolute units. Based on this previous work, an objective method for the quantitation of coronary blood flow using the coincidence counting system with rubidium-84, will be described. In addition, some of the underlying concepts on which the method is based will be evaluated.
Material and Methods

Theoretical Considerations
A detailed description of the principles of the coincidence counting method and instrumentation was described in a preceding communication.1 The advantages of the coincidence method were enumerated. (1) Background counting rates arising from natural radioactivity, cosmic radioactivity, and the presence of background counting rates are essentially zero. ( 2) The transmission of gamma photons by the body involved in the absolute calibration of the instrument with respect to a specific test subject is more precisely determined. (3) For equal infused amounts of rubidium-84 versus rubidium-86 the coincidence counting method gives approximate-ly five times the counting rates of the singles method for a given field of view. (4) The positron of emitting isotopes is measured in almost direct proportion to its tissue content and is not a function of the distance of the tissue from the counter. (5) Collimation is simplified, facilitating the mechanical design. (6) The method provides means for distinguishing radioactivity of the heart muscle from that of the surrounding tissues.
It was found since then that accidental counts could have played an important role in influencing the results.' Accidental counts can be defined as pulses originating from independent annihilation of gammas (that is, resulting from annihilation of different positrons) occurring by chance within a very short interval. The probability of such events depends on the resolving time of the coincidence circuit. The number of accidental counts can be predicted by the equation2 1.
C (accid) = 2 TC, X C2, where C, and C2 are the singles counting rates in the upper and lower detectors of a coincidence pair and T is the resolving time.
The effect of the accidental counts is shown in figure 1 . It can be seen that at any given time disintegrations emanating outside the field of view of the coincidence pair can strike the upper and lower crystal coincidentally although they do not originate from the decay of the same positron. This will result in false high counts. To overcome this problem, it is necessary to shield both pairs of coincidence detectors with onehalf inch of lead. Both upper and lower detectors are aligned in close contact with the chest in such a fashion that the upper shield touches the chest while the lower is separated from the chest by the table. This shielding is not cumbersome as compared to the collimation necessary for singles counting. Figure 2 illustrates the apparatus with collimation in place. Collimation reduces the percentage of accidental counts to less than 7 per cent ( fig. 3 ). As originally described, the apparatus consists of two pairs of coincidence detectors.1 Each has a 3-inch diameter by 2-inch thick sodium iodide crystal. In addition, a conven- tional well counter for continuously monitoring the specific arterial activity (Aw) is used. One pair of detectors is positioned over the precordial area (H) and the other is symmetrically placed over the right side of the chest (B). The strip chart recorder (with speeds of 0.5 or 1.0 inches per minute) registers the activity of H, B, and Aw. The difference of H and B (H-B) is also recorded and expresses the uptake of rubidium-84 by the heart muscle alone. Previously, to correct for the difference in density of the two sides of the chest, the transmissions on both sides were obtained prior to the test with use of a standard sodium-22, 2-microcurie Lucite plug which was placed successively on the left and right sides of the chest.' In the current series, the Lucite plug was replaced by a known dilution of rubidium-84, placed into a 3-inch diameter stainless-steel container with a volume of 20 ml. of saline. This has the advantage that rubidium-84 in the container acts as an extended source which, therefore, more closely approxi-Circulation, Volume XXXII, October 1965 mates the distribution of radioactivity within the field of view of a coincidence pair during an actual experiment. The instrument is then electronically set to correct for the difference in transmission between both sides of the chest. The positron emission is registered from 90 per cent of the total heart muscle. This was determined by placing a human heart obtained at autopsy between the two detectors. In contrast to previous tests, in which 100 microcuries of rubidium-84 were infused regardless of body weight, in the present studies 0.4 microcuries of rubidium-84 per pound of body weight, diluted in 30 ml. of normal saline, were infused continuously by means of a special motor-driven syringe at a speed of 1 ml. per minute.1 This resulted in adequate counts while reducing radiation to the patient. Simultaneously, arterial blood is drawn from the brachial artery at a constant speed (7 ml./min.) through a radicoil inserted into the well counter. The duration of the experiment is 30 minutes.
Calculation of Coronary Blood Flow
As previously described, the myocardial clearance of rubidium-84 is defined by the following equation: 1 2.
Clearance= dk/d , where
A' dk/dt is the rate of uptake of radioactive material by the organ (dis./min.2); A is the radioactivity in the arterial blood (dis./min. X ml.).
For the determination of clearance in absolute units (ml./min.) it is necessary to consider the following factors: the transmission of left and right sides of the chest to gammas, the geometry of a standard vessel containing a known dilution of rubidium-84 used as described above, the geometry of the heart as seen by the coincidence pair, the geometry of the scintillation crystal used in the detectors, and properties of the electronic circuits. Finally, the relationship between counts recorded by the well counter and the coincidence counts have to be considered. These factors together will henceforth be referred to as calibration coefficient (C). A detailed description of the factor involved in C is contained in the appendix. The calculation of C makes it possible to express clearance in ml./min. (see appendix obtained: (1) the calibration coefficient (C) and (2) the extraction ratio at any given time. The latter is not possible by direct observation, since the coronary sinus is not intubated in these tests. However, because of the fact that the first derivative of the extraction ratio (its slope) is a constant and does not vary with flow, i-t is possible to extrapolate the slope of the clearance to zero time. At that time, floxy equals clearance and the extraction ratio at that time equals unity or A 1. Sapirstein' made a similar assumption in his experiment with rats infused with po'tassium.42 Based on this fact that at zero time extraction ratio is unity, it is possible -to measure coronary flow by the extrapolation of the clearance value to zero time. A As previously described, the myocardial uptake of rubidium as well as the activity in the arterial blood (Aw) was read in disintegrations/minute from the strip chart.' The rate of increase in specific activity over the myocardium, the first derivative dt HB)and that of the specific activity in arterial blood (Aw) together with their standard deviations were then obtained with a digital computer. The computer was also programed to solve for the myocardial clearance (equation 3) and flow (equation 7) with their respective standard deviations. The statistical formulas are described in the appendix. In the present study, it was found that in the calculation of the myocardial uptake of rubidium-84 by the method of least squares, the linear expression was more accurate than the exponential expression. It was further noticed that the behavior of the arterial activity after 5 minutes of infusion is a long-term exponential function instead of being relafively constant, and that arterial activity is not influenced by changes in flow.
In order to compute the myocardial clearances of rubidium-84 according to equation 3, the first derivative of the myocardial uptake is divided by each individual value of the arterial activity (Aw) which is recorded every 8 seconds. This ratio is then multiplied by the calibration factor coefficient (C) and the instantaneous clearances are obtained. After plotting the clearances on semilogarithmic paper, with time as abscissa and clearance as the ordinate, a straight line is ob-Circulation, Volume XXXII, October 1965 tamned using the least square fit. The intercept of this line with the ordinate at time zero gives the coronary blood flow ( fig. 4 ).
In the test in which nitroglycerin was used, from two to three separate but identical calculations were performed; in the first, the raw data for the 6-minute period preceding administration of the drug and one minute immediately following were used; in the second and third, two periods of 7 minutes each were employed.
Experiments on the Iso-lated Heart
Experiments were carried out on the isolated dog heart for two reasons: to further confirm the fact that the rate of change of the extraction ratio is not influenced by changes in flow and to test the accuracy of the method described above by comparing coronary floxy calculated by equation 7 with the coronary flow measured directly by collecting the coronary venous drainage. A modified Langendorf preparation was used (fig. 5) in nine experiments.
Dogs were anesthetized with sodium pentobarbital (30 mg./Kg.). Without interruption of the coronary circulation the heart was excised and the left coronary artery was intubated with a Gregg cannula. The heart was placed between a COincidence pair of detectors so that it was comple-tely with-in the view of the detector pair. The left coronary artery was perfused by means of a Sigma motor pump with 800 ml. of fresh oxygenated heparinized dog blood. In all but one experiment, both ventricles continued to beat. After 5 minutes of perfusion, the isotope was added to the perfusion reservoir by a driven motor syringe at a rate of 1 ml. per minute for 30 minutes. The syringe contained from 1.5 to Illustrates a modified Langendorff preparation used for studying the effect of changes in coronary flow on the myocardial extraction ratio of rubidium-84. Coronary inflow is controlled and altered by means of a Sigma motor pump; coronary flow is directly determined timing the volume of coronary venous outflows (Ven. B) in a graduated cylinder (see text for explanation).
2.0 microcuries of rubidium-84 diluted in 30 ml. of normal saline. Arterial blood was drawn through a T tube placed proximately to the entrance of the left coronary artery. The blood was suctioned at a constant speed of 7 ml./min. through a radicoil placed in the well counter ( fig. 5 ). Coronary flow was altered with the Sigma motor pump. In four of these experiments the flows were kept constant throughout the experiment; in five experiments the flow was changed at midpoint. Coronary blood flow was calculated by the extrapolation of the clearance values toward zero time as described above (equation 7). In all experiments the volume of coronary flow was directly determined by collecting the coronary venous drainage in a graduate cylinder and timing the speed of outflow. In addition, in five experiments simultaneous samples from the arterial and coronary venous blood were collected at intervals of 1 minute. Sampling time was 10 seconds. After the perfusion, the activity of these samples was determined in a well counter. The extraction ratios for every minute of the experiment were then calculated and plotted against time. The slopes of the extraction ratios prior to and following changes in flow together with the standard deviations were then calculated in a digital computer, using a logarithmic least square fit.
Experiments on Extraction Ratios in Man
In order to test for possible changes in the myocardial extraction ratio with changes in flow in man, the coronary sinus in five patients was catheterized and an indwelling needle was placed into the right brachial artery. Rubidium-84 (0.4 ,uc./ lb. of body weight in 30 ml. of saline) was then infused in a peripheral vein for a period of 20 minutes. Five minutes after the onset of infusion, simultaneous samples of 3 ml. of blood were collected from the coronary sinus and brachial artery over a period of 30 seconds. Samplings continued until 30 samples from the coronary sinus and a peripheral artery each had been collected. Three of the five patients were then made to exercise (150 Kg./M./min.) for a period of 10 minutes.
Samples of the coronary sinus and arterial blood were collected continuously during the period of 10 minutes of exercise. The activity of the samples was then determined in the well counter and the myocardial extraction ratios were plotted against time as described above.
Selection of Patients
Myocardial flows were obtained on normal subjects and patients with arteriosclerotic heart disease. All individuals were given two tablets of nitroglycerin (1/150 gr. each). The criteria for the selection of the arteriosclerotic patients has been previously described. ' The tests were performed in 20 subjects ranging in age from 22 to 74 years.
Results
Myocardial Extraction Ratio of Rubidium-84 in the Isolated Dog Heart
The data on five isolated perfused dog hearts are shown in table 1 and figure 6 . It may be seen that alterations in the coronary blood flow of about 34 per cent did not result in any significant change in the first derivative (slope) of the myocardial extraction ratio of rubidium-84. This is illustrated in table 1. It may be seen that the percentage changes in slope with its related standard deviation are not significantly altered. in which the patient was exercised, the percentage change of the first derivative of the extraction ratio with its related standard deviation did not change to any significant extent.
Myocardial Extraction Ratio in Man
In one individual (B. G.), who was not exercised, the total period of observation was arbitrarily divided to permit comparisons with patients who were exercised. No significant change in the slope of the myocardial extraction ratio was found. These results demonstrate that changes in coronary flow failed to alter the rate of change of the myocardial extraction ratios of rubidium-84. figure 9 show the effect of sublingual nitroglycerin on 11 individuals without coronary artery disease. In figure 9 the effect of the drug was followed for a period of 14 minutes. In six subjects the coronary blood Figure 6 Results obtained on the myocardial extraction ratio of rubidium-84 on isolated dog hearts.
Changes in coronary blood flow of about 34 per cent did not result in any significant changes on the myocardial extraction ratios of rubidium. The figures represent the slopes. Standard deviations are illustrated in table 1. flow increased significantly (p < 0.05) during the first 7 minutes after administration of nitroglycerin; and in seven individuals the flows either remained elevated or increased further 8 minutes following the administration of the drug (p <0.025). The average increment in coronary blood flow during the first 7 minutes following the administration of nitroglycerin was 23 per cent. It was 62 per cent 8 minutes after the administration of the drug. In two individuals nitroglycerin was without any significant effect on the coronary blood flow. In nine patients with coronary artery disease, nitroglycerin significantly decreased the coronary blood flow in four, and in five the flow was not altered (table 5 T I ME (min) Figure 7 Results obtained on the myocardial extraction ratio of rubidium-84 on man. Exercise (solid lines) failed to alter the rate of change of the myocardial extraction ratios of rubidium. The interrupted lines represent the slopes of the extraction ratios in patients who did not exercise. Standard deviations are illustrated in table 2. following the administration of the drug was 19 per cent and was statistically significant (p <0.05).
These results further confirm the conclusions reached in a preceding publication on the different effects of nitroglycerin on normal and arteriosclerotic hearts.'
Discussion
The method described in this paper permits, without the intubation of the coronary sinus, the measurement of the coronary blood flow in ml./min. using rubidium-84 and a coincidence counting technic. It is based on the Fick principle in which flow is calculated using the ratio of the uptake of rubidium by the heart and the difference between the specific activities of the isotope in the arterial and venous blood.3 Rubidium-84 decays by the emission of positrons (,3+) 19 per cent of the time. Each positron annihilates with an electron in the body producing two gamma photons directed 1800 apart. When these ganmma photons strike a coincidence pair of detectors simultaneously, a count occurs.
Since a previous communication, it was
Circulation, Volume XXXII, October 1965 found that accidental counts could interfere with the results. Accidental counts are defined as those originating from the annihilation of different positrons occurring by chance within a very short interval. When the accidental counts emanate outside the field of view of the coincidence pair, they result in false high counts ( fig. 1 ). To overcome this problem it was necessary to collimate both pairs of coincidence detectors with half-inch lead. This collimation reduces the accidental counts to less than 7 per cent ( fig. 3) .
The coincidence counting method has several advantages over the singles method, such as the elimination of background counting rates arising from natural radioactivity, cosmic rays activity and contaminants. For equal amounts of infused rubidium-84 and rubidium-86 (singles) the coincidence method is five times more efficient. In addition, the counting rate is in direct proportion to its tissue content and it does not obey the rule of the inverse square. The collimation is not cumbersome compared with the singles techllic, facilitating the mechanical design. Final- ly, the activity of the heart can be separated from the surrounding structures. For the measurement of coronary blood flow by a modification of Fick's formula (equation 5), it is essential that the relationship between flow and the extraction ratio be known. To calculate coronary blood flow using the extrapolation of the myocardial clearance values to zero time, it is fundamental that the slope of the extraction ratio is constant and is not influenced by changes in flow and heart rate. Due to the importance of this crucial factor, the extraction ratio was re-evaluated during and following changes in coronary flow Calculated Flow (ml/min) Figure 8 70 Relationship between the observed and calculated coronary flows on the isolated perfused dog hearts. The solid line is drawn through 450; the interrupted lines are the standard deviations. It may be seen that all points but one, fall in 2u, illustrating the accuracy of calculating the flow by extrapolation of the clearances.
in the isolated perfused dog heart and in man. Although coronary flow was not measured during exercise it can be assumed that exercise of the magnitude carried out in these tests resulted in an increase in coronary flow. Tables 1 and 2 demonstrate that no statistically significant changes in the first derivative of the extraction ratio occurred. These results are in agreement with those previously reported from this laboratory.1 a Based on the above evidence it can be assumed that at a time close to zero the radioactivity of the coronary venous blood is equal to zero and the extraction ratio is equal to unity ( fig. 4 ). When the myocardial clearances of rubidium-84 are extrapolated to zero Circulation, Volume XXXII, October 1965 time, coronary flow is equal to myocardial clearance. A similar assumption was made by Sapirstein, using a single injection of potassium-42 in rats. The method described here differs from Sapirstein's technic because rubidium-84 is infused at a constant rate throughout the experiment. In addition, to justify the extrapolation of the clearance values to zero, both arterial and venous activities must behave as a single monotonic curve. However, in reality both arterial and coronary venous activities are not monotonic, since during the first 5 minutes after the onset of infusion of rubidium-84, there is a rapid increase in blood activity due to incomplete mixing and equilibration. For the calculations using the the previous dlata from this laboratory using the clearance equixalent as ani index of coroniary 1)0l0(1 flox , alind also confirm thiose, re(lo(rtexd by otheirs tusinig the n.itrul-os oxide. method or-isotope procedures.' 1 t'
Although it is niot the prinllar-y purpose of this paper to (lisctiss the mechanism of alctioni of nitrhoglycerinin the relief of anigina 1)ectoris in inidividuials xxith corioniary ar-ter-y disease, it is possil)le from the resuilts re-)orte(1 h cra ciand the oh ervations frorm Othiers that nitroglyecrin milay relieve aniginial paini niot by ani incremnmit in total ixvocairdial flox; it has been reported that tle driug acts by atuglenitinig collateral circiuilatioin or tlhrouigh a dccrease in left xcentrictilar 7xork. 7 
Sliiniiiarv
Ani objective imethlod for the quantitative ineasuriement of the coroniary 1)0lod flow in ml./min. using a coincidence countinig systeim vit]l rubidium-84, a positroni einitter, is deiscribe d. Accidental coinicidene couints ariisinig from indCpendcnt annihilation of positrons vere greatly reduced by simiple shielding.
The coronar-y blood fh)xx \-\as calctulated by the extrapolationi of the clearance valuies to zero time. At this timne the myocardial extrac-tion ratio of rubidium-84 is uinity and (learanecc is equal to flox. The acecuracy of this method was demonstrated on the isolated perfused dog heart.
It was found that the rate of change of the extraction ratio of rubidium-84 in the isolated perfused dog heart and in man was not altered with changes in flow.
The finding that nitroglycerin increases the coronary blood flow in patients without coronary artery disease while decreasing it in patients with coronary artery disease was confirmed. efficiency factor for the standard container; its value is calculated to be 0.247. Gh may be called the "source geometrical factor" and arises from the fact that the heart is finite in size. It is calculated on the assumption that the heart completely filled the whole cross-sectional area of the detection cylinder, and of maximum thickness of 4 to 5 inches distributed about the center point of the detection cylinder. This factor is otherwise very insensitive to the precise geometrical shape of the heart and its value is 0.23. Fh is the dilution factor used in preparing the source solution placed into a container (20 ml.). F, is the dilution factor used in preparing the source solution for the well counter. Awo is the counting rate of the source solution (F,) placed in the well counter. H. is the coincidence counting rate of the source solution placed equidistant between the upper and lower detectors.
Vs is the known volume of the source placed in the standard container and is equal to 20 ml. Ts is the transmission of the source and its container to 0.51 MEV and its value is 0.761.
The calibration coefficient (C) defined by equa- The standard deviation and the mean of the arterial activity Aw are calculated respectively by the following equations' 6 17 14. 15. crAw = Aw N Awi Aw= Y N i= 1 N Circulation, Volume XXXII, October 1965 The instantaneous clearances for each period of the experiment are calculated with equation 3. For the computation of the slope of the myocardial clearance for each given period and extrapolation values of these slopes toward zero time, the following equations are used18-20 16.
Ct Coe-Xt, where Ct is the value of each instantaneous clearance in ml./min. CO is the value of clearance at time zero and is equal to flow. X is the decay constant of the myocardial clearance. t is time in minutes. Therefore 17.
18.
19.
Ln Ct = Ln C0-Xt 
